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Mucosal candidiasis is a significant problem in both immunocompetent and immunocompromised individuals (23, 29, 34) . Most episodes of oropharyngeal and vulvovaginal candidiases (OPC and VVC, respectively), the most common forms of mucosal candidiasis, are caused by Candida albicans, a commensal dimorphic fungal organism of the gastrointestinal and lower female reproductive tracts. Clinical observations show that hormonal influences and antibiotic usage appear to predispose to acute VVC, whereas recurrent VVC (RVVC), which does not share these patterns, is presumed to be due to an as-yet-undefined local immune deficiency. In contrast to RVVC, OPC is common when peripheral T cells are reduced (i.e., patients with chronic mucocutaneous candidiasis, with a history of corticosteroid usage, having undergone chemotherapy or allogeneic transplantation, or infected with human immunodeficiency virus [HIV] ) (6, 23) .
Host defense mechanisms against mucosal candidiasis are not well understood. Although cell-mediated immunity (CMI) is considered important for protection against mucosal and/or systemic candidiasis (4, 5) , the role of systemic CMI against vaginal (12) (13) (14) (15) 38) and more recently oral (27) candidiasis has been challenged to various degrees. Thus, investigations have shifted to the role of local oral and vaginal CMI. At the oral mucosa, some role for CMI has been suggested from clinical studies showing that a Th0-type (mixed) salivary cytokine profile is present in HIV-negative persons, while a dominant Th2-type salivary cytokine profile (associated with susceptibility to mucosal Candida infection) was observed in HIV-positive persons and was more pronounced in those with OPC (28) . At the vaginal mucosa, however, a role for CMI has yet to be ob- Based on a questionable role for CMI against Candida at the oral and vaginal mucosa, recent attention has focused on innate immunity. Accordingly, we recently reported that primary epithelial cells from murine, nonhuman primate, and human vaginal mucosa (10, 36, 37) , as well as human oral mucosa (35) , significantly inhibited the growth of C. albicans in vitro. In addition to our observations, epithelial cells have recently been recognized as playing active roles in mucosal immune responses, including antigen presentation (16, 17, 40) , antimicrobial activity (3, 26, 39, 41) , and cytokine and chemokine production in response to microorganisms (20, 21) .
Based on the fact that epithelial cells are the cell type most often associated with C. albicans at mucosal surfaces and produce a variety of cytokines and chemokines in response to microorganisms (20, 21) , we sought to determine whether human oral and vaginal epithelial cells could potentially contribute to the local immune response by the production of cytokines and chemokines in response to C. albicans.
MATERIALS AND METHODS

Participants.
Informed consent was obtained from each participant, and all procedures in the conduct of clinical research were done in accordance with the Institutional Review Board at Louisiana State University Health Sciences Center, New Orleans. Specimens were collected exclusively from healthy volunteers.
Human vaginal and oral epithelial cell collection and isolation. Human vaginal cells were collected from vaginal lavages from healthy volunteers. Briefly, a sterile speculum was inserted into the vaginal lumen, followed by administration of 5 ml of sterile phosphate-buffered saline from a sterile transfer pipette connected to a sterile 10-ml syringe. The lavage was performed with constant aspiration for 30 s, and the fluid was collected in a sterile test tube. Human oral cells were collected from whole unstimulated saliva. The lavage fluid or saliva was centrifuged for 10 min at 800 ϫ g, and the supernatant was discarded. The resulting cell pellet was resuspended and used fresh or alternatively placed in cryosolution consisting of 50% fetal bovine serum (FBS; Gibco, Grand Island, N.Y.), 35% RPMI 1640 (Gibco), and 15% dimethyl sulfoxide (Sigma, St. Louis, Mo.) and frozen at Ϫ70°C until use. Results did not differ whether fresh or stored cells were used. For the isolation of epithelial cells, vaginal and oral cells were resuspended in 7 ml of Hanks balanced salt solution (HBSS; Gibco) and layered over a sterile 20-m-pore-size nylon membrane. Epithelial cells retained on the membrane were collected with 50 ml of HBSS into a sterile glass petri dish. Thereafter, the cells were transferred to a 50-ml centrifuge tube and pelleted at 800 ϫ g. The supernatant was discarded, and the epithelial cell-enriched pellet was resuspended in Phytone-peptone medium (Becton Dickinson) supplemented with 10% FBS and 1% penicillin (100 U/ml)-streptomycin (100 g/ml; Gibco) (tissue culture medium). The epithelial cells were enumerated on a hemocytometer by using trypan blue dye exclusion. The purity of the epithelial cell-enriched pellet (Ͼ95%) was determined by enumerating five separate fields of 100 cells and is expressed as the mean percentage of cells with an epithelial morphology.
Human epithelial cell lines. Two human epithelial cell lines were used. VK2/ E6E7 (kind gift from R. Fichorova, Harvard Medical School, Cambridge, Mass.) (9) is an epithelial cell line derived from the vaginal mucosa of a healthy premenopausal female undergoing vaginal repair surgery. VK2/E6E7 is immortalized with human papillomavirus 16E6E7 and was maintained in keratinocyte serum-free medium (Gibco) supplemented with 50 g of bovine pituitary extract, 0.1 ng of epidermal growth factor, 100 U of penicillin, and 100 g of streptomycin/ml. KB (ATCC CCL-17) is an epithelial cell line originally derived from an epidermoid carcinoma in the oral mucosa of an adult male but has recently been reported to be contaminated with HeLa cells, a human cervical epithelial cell line (American Type Culture Collection, Manassas, Va.). KB cells were maintained in 90% Eagle minimal essential medium with nonessential amino acids and Earle's balanced salt solution (Sigma) supplemented with 10% FBS and 1% penicillin-streptomycin. Both cell lines were maintained at 37°C and 7.5% CO 2 and were passaged every 3 to 4 days.
Stimulator cells. C. albicans 3153A was from the National Collection of Pathogenic Fungi (London, United Kingdom). The isolate was grown on Sabourauddextrose agar (Becton Dickinson, Cockeysville, Md.) at 30°C, and one colony was used to inoculate 10 ml of Phytone-peptone broth (Becton Dickinson) supplemented with 0.1% glucose. Broth cultures were grown to stationary phase for 18 h at 25°C in a shaking water bath. The blastoconidia were collected, washed with phosphate-buffered saline, and enumerated on a hemacytometer by using trypan blue dye exclusion.
Coculture supernatant collection for examination of cytokines and chemokines. For examination of cytokines and chemokines, epithelial cells (1 ϫ 10 5 to 5 ϫ 10 5 cells/ml) were cocultured with Candida (1 ϫ 10 7 to 5 ϫ 10 7 /ml) at a ratio of 1:100 in separate wells for 0, 24, 48, 72, and 96 h for primary epithelial cells and for 0, 24, and 96 h for epithelial cell line cells in a total volume of 2 ml of tissue culture medium in 24-well tissue culture plates (Costar, Corning, N.Y.). Preliminary studies showed that results with epithelial cell/Candida cell ratios of 1:10 and 1:1,000 were similar to that obtained with a ratio of 1:100. Controls included epithelial cells (constitutive production) cultured alone in separate wells, C. albicans cultured alone (negative control), and epithelial cells cultured with tumor necrosis factor alpha (TNF-␣; 10 to 20 ng/ml [quality control]; Pharmingen, San Diego, Calif.) independently in tissue culture medium alone over the same 96-h period. At each time point, the epithelial cell-Candida coculture and the respective control cultures were aspirated from a new set of individual wells and centrifuged for 5 min at 800 ϫ g. Thereafter, the supernatants were collected and stored at Ϫ70°C until assayed. Epithelial cells were also evaluated for viability at each time point and observed to be similar to those in the preculture conditions. Cocultures consisted of five volunteers examined individually and four separate experiments employing each epithelial cell line.
Cytokine and chemokine analysis of coculture supernatants. Supernatants were assayed for proinflammatory (TNF-␣, IL-1␣, and IL-6), Th1 (IFN-␥ and IL-12), Th2-immunoregulatory (IL-10 and transforming growth factor ␤ [TGF-␤]), and chemotactic (monocyte chemoattractant protein 1 [MCP-1] and IL-8) cytokines by enzyme-linked immunosorbent assay (ELISA) by using commercially available capture and biotinylated detection antibodies (Pharmingen). Standard curves were generated by using the respective recombinant human cytokines as previously described (28, 33, 38) . The sensitivity of each set of antibodies ranged from 3 to 16 pg/ml. The absorbance values and concentrations of each cytokine were determined by using a Ceres 900 automated microplate reader (Bio-Tek Corp., Wisnooski, Vt.) and Kineticalc software (Bio-Tek). Data were expressed as picograms of cytokine per milliliter.
Statistical analysis. The unpaired Student's t test was used to analyze constitutive and Candida-specific cytokine production between primary oral and vaginal epithelial cells. Significant differences were defined as having a P value of Ͻ0.05.
RESULTS
To determine whether oral and vaginal epithelial cells produced cytokines and chemokines in response to C. albicans, epithelial cell-enriched populations collected from human whole unstimulated saliva and vaginal lavages, as well as human epithelial cell lines, were cocultured with C. albicans or medium alone. Candida was also cultured alone as a negative control for cytokine production. Supernatants collected at 0, 24, 48, 72, and 96 h were assayed for proinflammatory (TNF-␣, IL-1␣, and IL-6), Th1 (IFN-␥ and IL-12), Th2-immunoregulatory (IL-10 and TGF-␤), and chemotactic (MCP-1 and IL-8) cytokines. Results from the negative control culture (C. albicans alone) showed no significant presence of any cytokine or chemokine (data not shown). Candida-specific cytokine production by epithelial cells was defined as any amount consistently (over time) greater than that detected without Candida (constitutive). The mean constitutive and Candida-specific production of each cytokine and chemokine at 24 and 96 h of culture is summarized in Table 1 .
Proinflammatory cytokines. Figure 1 shows considerable Candida-specific TNF-␣ production for primary oral (Fig. 1A) and vaginal (Fig. 1B ) epithelial cells and for oral/cervical and vaginal epithelial cell lines (Fig. 1C ) that began at 24 h postculture and continued through 96 h. Figure 2 shows little to no appreciable amounts of IL-1␣ in response to C. albicans by primary vaginal epithelial cells throughout the 96-h culture (Fig. 2B) , whereas primary oral epithelial cells produced increasing concentrations of IL-1␣ for 96 h ( Fig. 2A ) that were significantly higher than for primary vaginal epithelial cells (P Ͻ 0.05 for 72 and 96 h). The oral/cervical cell line showed no Candida-specific IL-1␣, whereas the vaginal cell line produced considerable amounts in response to C. albicans (Fig.  2C) . Both primary epithelial cell populations produced little to no IL-6 over the 96-h culture period in response to C. albicans (Table 1) . Similarly, both epithelial cell lines produced little Candida-specific IL-6 but had considerable constitutive production (100 to 1,100 pg/ml by 96 h; data not shown). Culture of each epithelial cell population with TNF-␣ (control for epithelial cell lines and culture integrity) showed three-to fourfold increases in both IL-1␣ and IL-6 concentrations by both epithelial cell lines but not by either primary epithelial cell population (data not shown).
Th1/Th2-type cytokines. Primary oral and vaginal epithelial cells produced little IL-12 and IL-10 throughout the 96-h culture period in response to C. albicans (Table 1) . Similar results were observed for both cell lines (data not shown). IFN-␥ and the immunoregulatory cytokine, TGF-␤, were not present in any primary oral or vaginal epithelial cell or cell line culture (data not shown). IFN-␥, IL-10, TGF-␤, and IL-12 were not produced by any epithelial cell population in response to TNF-␣ (data not shown).
Chemokines. Candida-specific MCP-1 chemokine production is illustrated in Fig. 3 . As an example of a relatively negative cytokine response, each epithelial population produced low concentrations of MCP-1 in response to C. albicans through the 96-h culture. Similar results were observed for IL-8 ( Table 1 ). The epithelial cell lines also showed little to no Candida-specific IL-8 but had high constitutive levels (500 to 1,000 pg/ml by 96 h; data not shown). Stimulation of each epithelial cell population with TNF-␣ showed two-to threefold increases in IL-8 concentrations by both epithelial cell lines but not by either primary epithelial cell population (data not shown).
DISCUSSION
This study investigated cytokine and chemokine production in response to C. albicans by enriched populations of epithelial cells isolated from the oral and vaginal mucosa and by human epithelial cell lines. Since Candida is in contact with epithelial cells more than any other cell type at mucosal sites and since epithelial cells secrete cytokines (20) (21) (22) , the potential is high for epithelial cells to contribute to the local cytokine milieu present during asymptomatic or symptomatic mucosal Candida colonization. Although C. albicans exists as an asymptomatic commensal at both the oral and the vaginal mucosa, we investigated cytokine and chemokine production under conditions that simulated a C. albicans mucosal infection (i.e., predominantly hyphae from the natural transformation of C. albicans during the 96-h culture) to ascertain the potential role of epithelial cells in in vivo mucosal immune responses against the pathogenic form of the organism. In addition, we confirmed that C. albicans did not contribute to or interfere with the detection of the cytokines.
The cytokines examined in this study were chosen based on the fact that they represent important members of proinflammatory, regulatory, T-helper, and chemotactic cytokine classes. The coculture design in this study employed a variety of controls in order to best determine the ability of epithelial cells to produce cytokines constitutively and in response to Candida. Constitutive cytokine production by the cells may represent a homeostatic mechanism of innate immunity at mucosal tissues or consequences of the in vitro culture conditions.
Results showed that primary oral and vaginal epithelial cells produced considerable levels of TNF-␣ and IL-1␣ both constitutively and in response to C. albicans as early as 24 h postculture. The exception was primary vaginal epithelial cells that produced little to no Candida-specific IL-1␣. IL-6, IFN-␥, IL-12, IL-10, MCP-1, and IL-8 were also variably produced in undetectable to low concentrations constitutively with little to no additional production in response to C. albicans through the 96-h culture. For the epithelial cell lines, high constitutive levels of IL-1␣, IL-6, and IL-8 were observed as early as 24 h postculture, but there was little to no Candida-specific production of IL-6, IL-12, IL-10, MCP-1, and IL-8 and only moderate production of TNF-␣. On the other hand, IL-1␣ was produced in relatively high concentrations by the vaginal cell line, but not by the oral/cervical cell line, in response to C. albicans, a result similar to that seen with primary oral epithelial cells. Interestingly, IL-1␣ was the one cytokine that was not consistently produced by either primary cells or the cell lines. A potential explanation is that IL-1␣ can be released from intracellular stores when the cell expires (32). Although we did not observe vast changes in cell viability between pre-and postculture, it is possible that IL-1␣ was released from dying cells that were variable in each culture. Finally, TGF-␤ was not produced at detectable levels by either primary or epithelial cell lines alone or in response to C. albicans.
The use of epithelial cell lines enabled us to predict the source of the cytokines produced in the enriched primary populations. Accordingly, since the cytokines in most cases were produced by both types of primary epithelial cells and the 
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epithelial cell lines, and since the primary populations were Ͼ95% pure, our data suggest that the cytokines were indeed epithelial cell derived. We recognize, however, that the immortalized characteristics of the epithelial cell lines employed in these studies may not accurately predict the outcome of nonimmortalized epithelial cells (i.e., primary epithelial cells). Our results are also consistent with the high levels of IL-1␣, IL-6, and IL-8 produced by the cell lines in response to TNF-␣ as an albicans at an epithelial cell/Candida ratio of 1:100 for up to 96 h. Supernatants of the Candida-epithelial cell coculture were collected at specified time points, and TNF-␣ levels were quantified by ELISA. The figure shows the mean concentrations of Candida-specific (minus the concentrations in medium alone) production of TNF-␣ from five volunteers examined individually and four separate experiments with each epithelial cell line.
FIG. 2. IL-1␣
production by oral and vaginal epithelial cells in response to C. albicans. Whole unstimulated saliva and vaginal lavage fluid were collected from healthy human volunteers, and epithelial cell-enriched populations were isolated through nylon membrane retention. Primary oral (A) and vaginal (B) epithelial cells and oral/ cervical and vaginal epithelial line cells (C) were cocultured with C. albicans at an epithelial cell/Candida ratio of 1:100 for up to 96 h. Supernatants of the Candida-epithelial cell coculture were collected at specific time points, and IL-1␣ levels were quantified by ELISA. The figure shows the mean concentrations of Candida-specific (minus the concentrations in medium alone) production of IL-1␣ from five volunteers examined individually and four separate experiments with each epithelial cell line.
integrity control for the cells and the culture conditions (1, 7, 8) . It is unclear why the primary epithelial cells did not similarly produce cytokines in response to TNF-␣, although the state of differentiation may not be permissive for cytokine stimulation without the presence of the appropriate receptors. In contrast, the high concentrations of IL-6 and IL-8 produced by the cell lines, but not by the primary cells, may be due to the transformed characteristics of the epithelial cell lines. In any event, our results are consistent with results previously reported for these cell lines (7, 8) .
It has been known for some time that epithelial cells of the gastrointestinal and urinary tracts produce cytokines in response to microorganisms such as Neisseria gonorrhoeae, Shigella dysenteriae, and Chlamydia trachomatis (18, 22, 30, 32) . C. albicans can now be added to this list as the first fungal organism with similar properties. In fact, the concentrations of IL-1␣ and TNF-␣ produced in response to C. albicans were similar to those induced in these other epithelial cell populations. The only other attempt to stimulate cytokine production by epithelial cells in response to C. albicans was through the confluent culture of gingival epithelial cells or with the oral/cervical epithelial cell line employed in this study. Under these conditions, both IL-6 and IL-8 were produced in high concentrations by both types of epithelial cells (7, 8) . Although it is unclear why the epithelial cell line in our study produced lower levels of IL-6 and IL-8 in response to C. albicans than did the previous study, culture conditions (i.e., tissue culture media, cell preparations, and effector/target ratios, etc.), the state of the epithelial cell line (i.e., prior to contamination with HeLa cells), and a different C. albicans strain may have contributed to the differences despite the similar levels produced in the presence of TNF-␣.
Based on the documented role for T-helper responses in protection (Th1) or susceptibility (Th2) to Candida infection (4), Th1 and Th2 cytokines have been detected in mucosal secretions from both the oral and the vaginal mucosa (11, 28) . However, data from our study showed low concentrations of both Th1 (IFN-␥ and IL-12) and Th2 (IL-10) cytokines produced by oral and vaginal epithelial cells, with little to no modulation in response to C. albicans. Therefore, our data suggest that cells other than epithelial cells most likely contribute to these T-helper cytokines present during mucosal C. albicans infections.
Also interesting was the lack of TGF-␤ production by oral and vaginal epithelial cells. Clinical (P. L. Fidel, M. Barousse, T. Espinosa, R. R. Chesson, and K. Dunlap, submitted) and experimental (38) studies from our laboratory show the presence of TGF-␤ in vaginal secretions. As such, TGF-␤ has been postulated to play a downregulatory or tolerance role in vaginal immunity (38) . However, data from this study suggest that, as with the Th1 and Th2 cytokines, cells other than epithelial cells are responsible for the presence of TGF-␤ in vaginal secretions. In contrast, the level of TGF-␤ is low in the saliva of healthy individuals as well as in those with OPC (P. L. Fidel, unpublished results) and thus would not be expected to be produced by oral epithelial cells.
Although the presence of proinflammatory cytokines in mucosal secretions has not been investigated during OPC or VVC, our study clearly shows the production of IL-1␣ and TNF-␣ by oral and vaginal epithelial cells in response to C. albicans. If similar proinflammatory cytokines are produced in vivo, an inflammatory condition would be expected. Indeed, edema and erythema are common symptoms of both OPC and VVC (19, 34) . Interestingly, TNF-␣ and IL-1␣ have been re- albicans at an epithelial cell/Candida ratio of 1:100 for up to 96 h. Supernatants of the Candida-epithelial cell coculture were collected at specific time points, and MCP-1 levels were quantified by ELISA. The figure shows the mean concentrations of Candida-specific (minus the concentrations in medium alone) production of MCP-1 from five volunteers examined individually and four separate experiments with each epithelial cell line.
ported to play an active role in the immune response to C. albicans infections (2, 25, 31) and have been used therapeutically during experimental infection (24) .
Chemokines are considered critical for migration of cells to sites of pathogenic insults. Accordingly, some chemokines (MCP-1 in particular) have been constitutively present at the vaginal mucosa in mice and are elevated during infection (33) . If a similar scenario occurs in human tissue, the moderate amounts of IL-8 and MCP-1 produced by oral and vaginal epithelial cells, together with little to no additional production in response to C. albicans, suggests that epithelial cells are not a primary source of these chemokines.
Additional considerations are the similarities in cytokine production between oral and vaginal epithelial cells with few exceptions. These results suggest that these epithelial cells, although anatomically distinct, are similar in their capacity to produce cytokines and respond to Candida. We recognize, however, that the studies and interpretations discussed here are from in vitro culture conditions and may not reflect fully the activity of the cells in the intact mucosal microenvironment.
In summary, this is the first comprehensive evaluation of cytokine production, albeit in vitro, by primary oral (buccal) and vaginal epithelial cells both constitutively and in response to C. albicans. Accordingly, our findings suggest that oral and vaginal epithelial cells are an important source of proinflammatory cytokines (TNF-␣ and/or IL-1␣) in response to C. albicans that may contribute to the local immune response at either mucosal site. This, together with future studies examining additional cytokines and chemokines present in mucosal secretions and in epithelial cell-Candida cocultures from other patient populations (e.g., HIV-positive individuals with or without OPC or women with RVVC), will undoubtedly provide a more complete picture of the local host response to mucosal C. albicans infections.
